Background {#Sec1}
==========

Intra-body communication (IBC) uses the human body as a medium for electrical signals transmission \[[@CR1], [@CR2]\]. It has the advantages of high stability, low power consumption, easy connectivity, better anti-noise performance, and less radiation \[[@CR3]\] and has become one of the physical layer standards recommended by IEEE 802.15.6 \[[@CR4]\]. Owing to the fact that the human body is a complex organism composed of multiple tissue layers, it is hard for IBC studies to establish an effective equivalent model of local portions of the body or the whole body. The existing approaches of human body channel modeling mainly include the electromagnetic field numerical method \[[@CR5], [@CR6]\], the equivalent circuit model method \[[@CR7], [@CR8]\] and the phantom model method \[[@CR9], [@CR10]\]. Based on the appropriately constructed models, the human body channel transmission characteristics aim at optimizing the communication frequency and signal amplitude by comparing simulation with the in vivo experiment results, which provide a theoretical basis for the design of an IBC transceiver. However, the existing general models constructed by those methods are simple cylinder equivalents of the human body, which lack the specific parameters of models. In the meanwhile, since the model abstracted from a specific sample or a specific experimental human body can only characterize individual characteristics, it has great particularity and contingency, and cannot be used as an experimental benchmark model to study the universality of the human body channel. Therefore, it is necessary to find the proper balance between the simple cylinder model and the complex special individual model. Besides, there are few electrical safety regulations of the IBC signals applied to the human body. When the signals interact with the organism, part of the energy will be absorbed by the tissues, which may generate additional heat or change the electromagnetic field within the organism \[[@CR11]\]. Research organizations around the world have mainly focused on the 50 Hz or higher frequencies of wireless communication and there are few investigations in the IBC frequency band. Therefore, it is significant to address this important exposure restrictions on the electrical IBC signals acting on the human body in terms of field intensity and frequency.

Although there are few studies on the exposure restrictions of the electrical IBC signals, study of the signal distribution and potential amplitude are involved in the study of human channel modeling. A five-layer concentric cylinder equivalent to the human arm was designed by Callejón et al. \[[@CR5]\], and when a 1 mA alternating current was injected to the body, the current density distribution of each tissue layer was studied. Swaminathan et al. \[[@CR12]\] analyzed the signal distribution at specific parts surrounding the excitation area along with the period of exposure. Lučev et al. \[[@CR13]\] simplified the human arm to a four-layer concentric cylinder with a radius of 5 cm and a length of 45 cm, and they studied the proportion of current density distribution in different tissues. The results showed that the current density in the muscle layer is the largest. Based on the special working conditions of galvanic-coupled IBC, our research team \[[@CR14]\] simplified the human arm model to a four-layer concentric cylinder and studied the change of the current density distribution in each tissue layer when the muscle's electrical conductivity was changed under different frequencies. Although some studies have been conducted on the experiments of the IBC electrical signal on the human body, the exposure restrictions of galvanic-coupled IBC signals acting on the body was not considering under international guidelines systematically.

In this paper, based on the physiological information of each experimental subject, the upper and lower arms of the subjects were deemed to be equivalent to two circular truncated cones, which were used to construct the empirical arm models of all subjects. The thickness of each tissue layer and the anisotropy of muscle were also taken into account. The electric field intensity of \< 1.35 × 10^4^ *f* V/m and SAR of \< 4 W/kg in the 2010 ICNIRP guidelines, have been taken as the evaluation criteria. The electric field intensity can be obtained by using the finite element method (FEM), and the SAR can be calculated indirectly by the FEM, where the electric field intensity was the average value of all tissues, the localized SAR was averaged in 10 g continuous tissue. Then the calculated electric field intensity and SAR were compared with the ICNIRP guidelines to address the electrical exposure restrictions of galvanic-coupled IBC signals with different intensities and different frequency.

Methods {#Sec2}
=======

Geometry modeling {#Sec3}
-----------------

In studies on IBC modeling, an electrical signal is applied to the human body through the electrodes that are in direct contact with the skin. At the contact surface of the electrodes and skin, an ionic current is transformed to an electronic current or vice versa \[[@CR15]\]. Hence the skin plays a vital role in the signal transmission. In addition, fat, muscle, and bone also have a huge impact on the transmission of electrical signals \[[@CR16]\]. Therefore, we constructed a geometric model of the human arm, including skin, fat, muscle, and bone layers.

Six subjects (two female and four male) with different physiological characteristics were selected. The weight, fat percentage, and muscle percentage for each subject were measured by using PICOOC Latin Smart body scale (PICOOC Inc., Beijing, China). In addition, the geometric information of each subject arm was measured. According to the body mass index (BMI) standard \[[@CR17]\], the subjects were divided into three types: under weight (BMI \< 18.5), normal weight (BMI 18.5--25), and over weight (BMI ≥ 25). The physiological information of all subjects are listed in Table [1](#Tab1){ref-type="table"}.Table 1Physiological information of the six subjectsSubjectGenderAgeHeight (cm)Weight (kg)BMI valueFat percentage (%)Muscle percentage (%)Bone mass (kg)Brachium (cm)Arm circumference at 5 cm (cm)Arm circumference at 15 cm (cm)Arm circumference at 35 cm (cm)Type1Female2616344.1016.620.974.62.04814.020.521.5Under weight2Male2616849.9617.713.382.12.24515.521.022.0Under weight3Female2616054.7821.429.066.92.24516.021.025.0Normal weight4Male2516557.7221.217.278.62.54616.024.526.0Normal weight5Male2617867.8021.415.180.52.84817.024.526.5Normal weight6Male4017585.4427.925.670.73.24618.024.528.0Over weight

Based on our previous work, the human arm was divided into four layers: skin, fat, muscle, and bone \[[@CR18]\], here the upper and lower arms were deemed to be equivalent to two elliptical cylinders, respectively. Because the thickness of the skin layer of different individuals is similar, the thickness of skin for all subjects was set to 1.5 mm in this paper \[[@CR18]\]. According to the arm circumference, fat percentage and muscle percentage of subjects listed in Table [1](#Tab1){ref-type="table"}, the tissue equivalent geometric parameters of each subject can be obtained, as shown in Table [2](#Tab2){ref-type="table"} where a and b represent the long semi axis and the short semi axis of the elliptical cylinder, respectively. Parameters d(a) and d(b) represent the thickness of tissues in the long semi axis and the short semi axis of the elliptical cylinder, respectively. Based on these parameters of Table [2](#Tab2){ref-type="table"} the personalized equivalent arm models of all subjects can be constructed. We adopted the physiological electrode LT-1 in our experiments whose size was 4 × 4 cm and the distance between each center of adjoining electrodes was 6 cm. Both the empirical equivalent arm model and the electrode configurations are shown in Fig. [1](#Fig1){ref-type="fig"}.Table 2Equivalent geometric tissue parameters for each subjectSubjectUpper arm (cm)Elbow joint (cm)Lower arm (cm)ad(a)bd(b)ad(a)bd(b)ad(a)bd(b)1Bone0.5730.5730.5060.5061.1621.1620.8940.8940.5130.5130.4810.481Muscle3.0452.4721.8591.3532.8481.6861.6610.7671.9781.4651.4240.943Fat3.8500.8052.3500.4913.6000.7522.1000.4392.3500.3721.6500.2262Bone0.5780.5780.5220.5221.1631.1630.9080.9080.5200.5200.4850.485Muscle3.3382.762.2981.7763.0781.9152.0371.1292.2541.7341.6041.119Fat3.8500.5122.6500.363.5500.4722.3500.3132.6000.3461.8500.2463Bone0.5800.5800.5210.5211.1401.1400.8860.8860.5290.5290.4840.529Muscle3.0902.512.0941.5732.3801.241.4910.6051.8821.3531.3840.9Fat4.3501.262.9500.8563.3500.972.1000.6092.6500.7681.9500.5664Bone0.6270.6270.6110.6111.3831.3830.9240.9240.6110.6110.5820.582Muscle3.6853.0582.7742.1633.6022.2192.4431.5192.1941.5831.6151.033Fat4.4500.7653.3500.5764.3500.7482.9500.5072.6500.4561.9500.3355Bone0.6560.6560.6560.6561.1911.1910.9300.9300.6220.6220.5920.592Muscle3.7783.1222.9542.2983.6932.5022.5041.5742.3561.7341.7831.191Fat4.4500.6723.4750.5214.3500.6572.9500.4462.7750.4192.1000.3176Bone0.6740.6740.6390.6391.1611.1611.0091.0090.6100.6100.5830.583Muscle3.4972.8232.7902.1513.2362.0752.1951.1862.1951.5851.6741.091Fat4.7001.2033.7500.964.3501.1142.9500.7552.9500.7552.2500.576 Fig. 1The empirical equivalent arm model and the electrode configurations

Simulation platform of galvanic coupled IBC {#Sec4}
-------------------------------------------

In galvanic-coupled IBC, a weak current or voltage signal is differentially sent using two transmitter and two receiver electrodes \[[@CR19]\]. The simulation platform was developed and analyzed using the AC/DC Module, Electric Currents Physics, in COMSOL 5.2 Multiphysics Software (COMSOL Inc., Stockholm, Sweden). The control equations for the galvanic-coupled IBC under a quasi-static approximation field are$$\documentclass[12pt]{minimal}
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                \begin{document}$$\left\{ {\begin{array}{*{20}l} {\nabla \cdot J = Q_{j} } \\ {J = (\sigma + j\omega \varepsilon_{0} \varepsilon_{r} )E + J_{e} } \\ {E = - \nabla V} \\ \end{array} } \right.$$\end{document}$$where J is the current density of body, *Q*~j~ is the quantity of electric charge, *J*~e~ is the density of current source, *σ* is the electrical conductivity, ω is the angular frequency, *ɛ*~0~ is the permittivity of vacuum, *ɛ*~r~ is the relative permittivity of the medium, *E* is the electric field intensity, V is the electric potential.

According to Dirichlet boundary conditions, the input electrical signal at the surface transmitter electrodes is \[[@CR20]\] $$\documentclass[12pt]{minimal}
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                \begin{document}$$V = V_{0}$$\end{document}$$where *V*~*0*~ is the amplitude of voltage applied to the human arm model by the transmitter electrodes.

The adjacent layers of the tissues, as well as the contact surface between the electrode and skin, have boundary conditions that satisfy the conditions of current continuity and voltage continuity:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\left\{ {\begin{array}{*{20}c} {V_{i} = V_{i - 1} } \\ {J_{i} = J_{i - 1} } \\ \end{array} } \right.$$\end{document}$$where *V*~*i−*1~ and *V*~*i*~ are the voltage between two adjacent layers, *J*~*i*−1~ and *J*~*i*~ represent the current density between two adjacent layers, and *i* is the number of layers, for values of 2, 3, and 4, respectively.

Then, in the material setting, because the IBC technology uses the human body as a conductive medium \[[@CR1], [@CR2]\], the model should contain the dielectric properties of human tissue. In addition, as mentioned in the literature \[[@CR13]\], muscle fibers are stimulated by an external excitation source, the propagation velocity of electrical signal in different directions is different, that is, muscle has anisotropic properties. Thus, the conductivity of the muscle layer need to be anisotropic in the simulation environment. The dielectric properties of biological tissues at several frequencies are from Gabriel \[[@CR21]\], as shown in Table [3](#Tab3){ref-type="table"}.Table 3Dielectric parameters of different tissues*f* (kHz)Dry skinWet skinFatMuscleBone*σ* (S/m)*ɛ* ~r~*σ* (S/m)*ɛ* ~r~*σ* (S/m)*ɛ* ~r~Transverse *σ* (S/m)Longitudinal *σ* (S/m)*ɛ* ~r~*σ* (S/m)*ɛ* ~r~100.000201133.60.0029290100.02381085.30.34081.022259090.0204521.641000.000451119.20.0658153570.024492.8850.36191.0868089.20.0208227.642000.001051104.80.11358849.20.024656.0150.38411.1526377.70.0211203.744000.003051076.30.16354514.60.024838.1340.42781.2834339.30.0218182.2710000.0132990.760.22141832.80.025127.2220.50271.5081836.40.0243144.51

Finally, the study was implemented in the frequency domain, the frequency range was set from 10 kHz to 1 MHz. The mesh was divided into a tetrahedral mesh controlled by a physical field, a steady-state solver in the frequency domain was selected, and the MUMPS algorithm was used to solve the problem. Results can be exported to a data table or to two or three-dimensional images.

ICNIRP guidelines {#Sec5}
-----------------

In this paper, the ICNIRP guidelines were applied to address the electromagnetic exposure restrictions of the galvanic-coupled IBC electrical signals. The ICNIRP guidelines divide the basic restrictions into occupational exposure and general public exposure according to different group characteristics \[[@CR22]\]. The occupational exposure is set for occupational groups working in a controllable radiation zone, who are professionally trained to take appropriate measures to protect themselves. The general public exposure refers to the general population of different genders, ages and health statuses who do not undergo professional training to avoid radiation.

When a subject is exposed to a time-varying electromagnetic field, three different physical quantities work as the basic restrictions at different frequencies. When the frequency ranges from 1 Hz to 10 MHz, the main limiting physical quantity is the electric field intensity (*E*), and at 100 kHz to 10 GHz, the main limiting physical quantity is the SAR, the last quantity is the power density (*S*), used for measured frequencies that are the highest: 10--300 GHz \[[@CR22]\].

In addition, the 2010 ICNIRP guidelines (ICNIRP 2010) updates the low-frequency part of the 1998 guidelines (ICNIRP 1998). In particular, the ICNIRP 2010 replaces the current density with the electric field intensity as a new restriction. In the meanwhile, the SAR restrictions have remained the same as in ICNIRP 1998 guidelines. Therefore, Table [4](#Tab4){ref-type="table"} lists the basic restrictions for the electric field intensity at different frequencies under occupational exposure and general public exposure. And Table [5](#Tab5){ref-type="table"} lists the basic restrictions for the electric field intensity, while the part of current density is removed in the ICNIRP 2010.Table 4Basic restrictions for human exposure to time-varying electric fields \[[@CR23]\]Exposure characteristicsFrequency rangeInternal electric field (V/m)Occupational exposure The central nervous system tissue of the head1--10 Hz0.5/*f*10--25 Hz0.0525--400 Hz2 × 10^−3^ *f*400 Hz--3 kHz0.83 kHz--10 MHz2.7 × 10^−4^ *f* All tissues of head and body1 Hz--3 kHz0.83 kHz--10 MHz2.7 × 10^−4^ *f*General public exposure The central nervous system tissue of the head\< 1 Hz0.1/*f*1--4 Hz0.014 Hz--1 kHz4 × 10^−5^ *f*1--100 kHz0.4100 kHz--10 MHz1.35 × 10^−4^ *f* All tissues of head and body1 Hz--3 kHz0.43 kHz--10 MHz1.35 × 10^−4^ *f* Table 5Basic ICNIRP guideline restrictions for time-varying electromagnetic fields \[[@CR22]\]Exposure characteristicsFrequency rangeWhole-body average SAR (W/kg)Localized SAR (head and trunk) (W/kg)Localized SAR (limbs) (W/kg)Occupational exposure100 kHz to 10 GHz0.41020General public exposure100 kHz to 10 GHz0.0824

Since the IBC technical application is aimed at the general group, we considered the general public exposure restrictions as a standard in this work. The signal frequency range of galvanic-coupled IBC was from 10 kHz to 1 MHz, hence the electric field intensity of \< 1.35 × 10^−4^ *f* V/m at 10 kHz--1 MHz and SAR of \< 4 W/kg at the frequency range of 100 kHz--1 MHz, were adopted as the evaluation criteria to explore the exposure restrictions of galvanic-coupled IBC signals acting on the human arm.

Results {#Sec6}
=======

The electric field intensity {#Sec7}
----------------------------

Based on a simulation platform of galvanic-coupled IBC, the electric field intensity of all model subjects can be obtained. By comparing with the restrictions of the electric field intensity in ICNIRP guidelines, we investigated and concluded the moderate exposure restrictions of the electrical IBC signals according to the experiments of different frequencies and different signal intensities (including current and voltage) on the electric field intensity.

To discuss the influence of electric field intensity on the human arm under different frequencies, the signal frequency was set to 10 kHz--1 MHz, a 1 V alternating voltage and a 1 mA alternating current were then applied to the six human arm models, respectively. And then the values of the electric field intensity E (unit: V/m) under different frequency were obtained by FEM. As shown in Table [4](#Tab4){ref-type="table"}, when the body is exposed to time-varying electric fields and magnetic fields, the basic restrictions of the electric field intensity at the frequency of 10 kHz to 1 MHz are lower than 1.35 × 10^−4^ *f* V/m. Therefore, in the frequency range of galvanic-coupled IBC, the restrictions of the electric field intensity in the human body are 1.35--135 V/m. A comparison of the restrictions and the electric field intensity of subjects under different frequencies is shown in Fig. [2](#Fig2){ref-type="fig"}a, and the average electric field intensity of subjects under different frequencies is shown in Fig. [2](#Fig2){ref-type="fig"}b.Fig. 2Comparison of electric field and basic restrictions. **a** Electric field of different subjects at different frequencies, **b** the average of subjects of electric field at different frequencies

As shown in Fig. [2](#Fig2){ref-type="fig"}a, the electric field intensity of each subject is reduced with the increase of signal frequency. Based on the FEM, the average electric field intensity *E* of the six subjects at different frequencies was calculated. A comparison of the restrictions and the average electric field intensity of subjects under different frequencies is shown in Fig. [2](#Fig2){ref-type="fig"}b. It can be seen that when the subject was stimulated by a 1 mA alternating current, the curve of the electric field intensity trend to decrease gradually with the increase of frequency, whose intersectional point with the restrictions curve was at 20 kHz nearby. That means, the average electric field intensity of all subjects exceeded restrictions when the frequency was lower than 20 kHz. The maximum difference between six subjects was 1.06 V/m at 10 kHz, and the minimum difference was 0.025 V/m at 400 kHz. While the excitation signal was a 1 V alternating voltage, the curve of the electric field intensity trend to decrease gradually with the increase of frequency, whose intersectional point with the restrictions curve was at 50 kHz nearby. As the frequency increased beyond 50 kHz, the electric field intensity fell within the safety restrictions gradually. The maximum difference between the six subjects was 2.55 V/m at 20 kHz, and the minimum difference was 0.54 V/m at 1 MHz. In addition, differences between the maximum and the minimum at each frequency also decreased gradually with the frequency increased in both situations of alternating current and voltage.

Furthermore, it can be known that when the subject was stimulated by a 1 mA alternating current, the electric field intensity at the lower frequencies exceeded the restrictions while it didn't at the higher frequencies. So, 10, 40, and 100 kHz which were assigned to the lower frequencies were chosen to explore the effects of electrical signals with different intensities on the electric field intensity. Two excitation sources were used: the AC voltage source, whose peak-to-peak value was 1--10 V, and the AC current source, whose intensity was 1--10 mA. The results are shown in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3Relationship between the electric field and the exposure restrictions when the signal intensity is different. **a** Electric field at different signal intensities with the current excitation, **b** electric field at different signal intensities with the voltage excitation

With the increase of signal intensities, the electric field intensity also increased. At lower frequencies, such as 10 and 40 kHz, the electric field intensities were higher than the basic restrictions with the voltage signal of 1--10 V input. While at 100 kHz, the electric field intensities satisfied the restrictions only when the signal intensity is range from 1 to 2 V. However, with the excitation current of 1--10 mA, the electric field intensities at 10 kHz exceeded the restrictions. Only part of them exceeded the restrictions at 40 kHz and all of them satisfied the restrictions at 100 kHz. It can be known that the lower the frequency is, the greater the probability that the electric field intensity exceeds the basic restrictions. In addition, at the same frequency, the electric field intensity increased with the increase of the current intensity. That means, the higher the alternating current intensity is, the greater the probability that the electric field intensity exceeds the basic restrictions at the same frequency. Therefore, to avoid the harm to human body in galvanic coupled IBC, we should use electrical signals with low intensity and high frequency.

SAR {#Sec8}
---

In this section, the SAR is used as the exposure restrictions of galvanic-coupled IBC and the relationships between the SAR and different signal frequencies and different signal intensities are explored.

SAR indicates the degree of absorption or consumption of electromagnetic energy per unit mass in biological tissue, which is mainly used to measure the degree of interaction between electromagnetic waves and tissue \[[@CR24]\]. It can be described by the following equation \[[@CR25]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$SAR(i,j,k) = \frac{1}{2\rho (i,j,k)}\left[ \begin{aligned} \sigma_{x} (i,j,k) \cdot \left| {E_{x} (i,j,k)} \right|^{2} + \sigma_{y} (i,j,k) \cdot \left| {E_{y} (i,j,k)} \right|^{2} \hfill \\ + \sigma_{z} (i,j,k) \cdot \left| {E_{z} (i,j,k)} \right|^{2} \hfill \\ \end{aligned} \right]$$\end{document}$$where *E*~*x*~, *E*~*y*~, and *E*~*z*~ are the electric field component along the *x*, *y*, and *z* axes, respectively; *σ*~*x*~(*i*, *j*, *k*), *σ*~*y*~(*i*, *j*, *k*) and *σ*~*z*~(*i*, *j*, *k*) are the conductivity values of each point along the *x*, *y*, and *z* directions, respectively; and *ρ*(*i*, *j*, *k*) is the density of tissue.

The SAR cannot be directly calculated in COMSOL, so Eq. ([4](#Equ4){ref-type=""}) was used to calculate the localized SAR of arm. The ICNIRP guidelines specify that the localized SAR of the limbs is not lager than 4 W/kg per 10 g continuous tissue at the frequency of 100 kHz--10 GHz. Thus, we obtained the maximum SAR through Eq. ([4](#Equ4){ref-type=""}) and then calculate the summation of maximum SAR in 10 g continuous tissue. By interfacing COMSOL with MATLAB (Math Works, USA, <http://www.mathwork.com>), the calculation process can be completed by using MATLAB, the steps were as follows:The point coordinates set of each tissue layer were obtained. Since there are critical surfaces between tissue layers, we stipulated that the point on critical surface is assigned into the inner tissue, which is used for obtaining the area of tissues, *S*~*bone*~, *S*~*muscle*~, *S*~*fat*~, *S*~*skin*~.The FEM was used to calculate the electric field intensity component along the directions of *x*, *y* and *z*, that is *E*~*x*~, *E*~*y*~, and *E*~*z*~, the *σ*~*x*~(*i*, *j*, *k*), *σ*~*y*~(*i*, *j*, *k*) and *σ*~*z*~(*i*, *j*, *k*) can be derived from Gabriel \[[@CR20]\], the *ρ*(*i*, *j*, *k*) is equivalent density of whole body in this work \[[@CR26]\], whose value is 1000 kg/m^3^.These parameters were substituted into Eq. ([4](#Equ4){ref-type=""}), and the maximum SAR is obtained and then localized SAR can be calculated as the summation of maximum SAR in 10 g continuous tissue.

In galvanic coupling IBC, the electrical signals are mainly transmitted through the skin, fat and muscle layers, whose density is 1109, 911 and 1090 kg/m^3^ respectively, referring to the website \[[@CR27]\]. However, for different types of the bone the density is different, such as bone cancellous 1178 kg/m^3^, bone cortical 1908 kg/m^3^, bone marrow (red) 1029 kg/m^3^ and bone marrow (yellow) 980 kg/m^3^. Most of these tissues' densities are all close to 1000 kg/m^3^ except the bone cortical. But the volume of the bone cortical and current flow through it are low, so we set 1000 kg/m^3^ as the average density of the bone layer in the model.

The localized SAR of each subject was calculated at the frequency of 100 kHz--1 MHz. Results were shown in Fig. [4](#Fig4){ref-type="fig"}. The maximum localized SAR of different subjects was 0.014 W/kg with the 1 mA alternating current, whose value was much lower than the restrictions. In addition, as frequency increased, the SAR showed an approximately linearly increasing trend. So, when the frequency was higher, the SAR may be higher than the basic restrictions referring to Table [5](#Tab5){ref-type="table"}.Fig. 4Localized SAR of the human arm under 1 mA excitation at different signal frequencies

To analyze the effects of different signal intensities on the human arm, the higher frequencies of 100 kHz, 400 kHz, and 1 MHz were selected. The intensities of the input alternating current ranged from 1 to 10 mA, and intensities of the input alternating voltage were 1--10 V, respectively. It can be seen from Fig. [4](#Fig4){ref-type="fig"} that the SAR of subject 2 was the highest at the same signal intensity and that of subject 6 was the lowest, the SARs of subject 1, subject 3, subject 4, and subject 5 were between the maximum and the minimum. Hence SAR values of subjects 2 and 6, as well as of subject 4, were further analyzed in more details.

From Table [6](#Tab6){ref-type="table"}, it can be seen that as the signal intensity increased, the localized SAR of all subjects increased. The SAR of all subjects were not higher than 4 W/kg with signal intensity of 1--10 mA. The maximum difference of subjects was 1.300 W/kg when the signal frequency was 1 MHz and the intensity was 10 mA; the minimum difference was 0.062 W/kg with the signal frequency of 400 kHz and the signal intensity of 3 mA. However, in the case of voltage signal, when the intensity was ≥ 3 V and the frequency was \> 400 kHz, the local SAR value of subject 2 did not qualify the basic restrictions, that of subject 4 exceeded the basic restrictions with the intensity ≥ 6 V and the frequency \> 400 kHz, while subject 6 did not satisfy the range of restrictions with the intensity ≥ 10 V and the frequency \> 400 kHz. The maximum difference of subjects was 6.096 W/kg when the signal frequency was 1 MHz and the intensity was 10 V, and the minimum difference was 0.648 W/kg with the signal frequency of 400 kHz and the signal intensity of 1 V.Table 6SAR of the human arm at different signal intensities (W/kg)Signal intensitySubject 2Subject 4Subject 6100 kHz400 kHz1 MHz100 kHz400 kHz1 MHz100 kHz400 kHz1 MHz3 mA0.080.110.200.070.100.120.020.050.096 mA0.330.430.810.270.380.620.070.180.3410 mA0.901.192.240.751.051.730.180.500.941 V0.771.222.310.580.851.550.120.340.693 V1.242.33*4.02*0.781.251.970.150.641.366 V1.87*4.566.72*1.002.49*4.03*0.271.552.7110 V2.77*6.3210.86*1.353.83*6.32*0.412.79*4.76Note* the values in italics emphasise that the signal intensities exceed the 4 W/kg restriction

Discussion {#Sec9}
==========

In this study, we investigated the performances of the galvanic-coupled IBC signals with different frequencies and different intensities in order to address the applicable exposure restrictions.

When the electric field intensity was used as the evaluation criterion, the average electric field intensity of six subjects exceeded the range of exposure restrictions with 1 mA current or 1 V voltage applied at low frequencies. To be exact, the safety frequency restriction is 20 kHz for current signal and 50 kHz for voltage signal (Fig. [2](#Fig2){ref-type="fig"}). The differences in the average electric field intensity of subjects at different frequencies were 0.025--1.06 V/m of current input, the differences were 0.54--2.55 V/m of voltage input. Thus, the electric field intensity generated by the lower frequency signal applied to the body was easier to exceed the basic restrictions and different individuals have different extents of reaction with the excitation signals (with the same intensity and frequency) input. In order to discuss the influence of different signal intensity to the electric field intensity, the lower frequencies (10, 40, and 100 kHz) were chosen (Fig. [3](#Fig3){ref-type="fig"}). The electric field intensities of most points did not meet the range of exposure restrictions with the input voltage signal of 1--10 V. As for current signal of 1--10 mA, part of the electric field intensities was higher than the restrictions at 40 kHz while all points satisfied the restrictions at 100 kHz.

Also, the tendency can be concluded from Fig. [3](#Fig3){ref-type="fig"} that the electric field intensities increased with signal intensities increased. In summary, for current signals, the intensities restrictions of 1--3 mA was accessible with the frequency restrictions higher than 50 kHz. The restrictions range of voltage signals was 1--2 V with the frequency restrictions higher than 100 kHz. With the frequency rising, both current and voltage signal intensity restrictions range would be wider.

When SAR was adopted as the evaluation criterion, none of the subjects exceeded that restrictions with current input. However, subjects 2, 4, and 6 did not qualify the range of restrictions with voltage applied when the signal intensity is then ≥ 3, 6, and 10 V, respectively (for frequency ≥ 400 kHz) (italic values in Table [6](#Tab6){ref-type="table"}). It can be known that the body's SAR was not easier to meet the range of restrictions with the signal of higher intensity and higher frequency input, which may have a negative impact on the human body. And the SAR differences for subjects under different frequencies were 0.062--1.3 W/kg of current input, and the differences were 0.648--6.096 W/kg of voltage input.

According to the localized SAR of the body under different signal frequencies and different signal intensities, it is necessary to use an excitation signal with lower intensity and lower frequency in the galvanic-coupled IBC. To be more exact, for current signals, less restrictions were required with the intensities of 1--10 mA, while the intensity restrictions range of voltage signals was 1--3 V with the frequency restrictions lower than 400 kHz. With the frequency falling, the current intensity restrictions range would be wider.

In summary, the constant-current source has more broadly applicability than the constant-voltage source due to its intensity restriction range is wider. We comprehensively considered the frequency of 100--300 kHz that belong to LF (30--300 kHz) according to the ICNIRP guidelines was reasonable for application in view of the electric field intensities and the SAR experiments, which also provides more choices for both intensities of current and voltage signals. On the other hand, it provides great convenience for the design of transceiver hardware and artificial intelligence application. Therefore, to avoid over exposure to the human body in vivo experiments and miscellaneous design, we considered the restrictions that the current signal with intensity of 1--10 mA and the voltage signal with intensity of 1--2 V were accessible, both of them have frequency restrictions of 100--300 kHz. In particular, we recommended the current signals in practical application.

Conclusion {#Sec10}
==========

In this paper, the empirical arm models were constructed. The electric field intensity and SAR restrictions from the ICNIRP guidelines were adopted as evaluation criteria, and FEM was used to analyze the performances of weak electrical signals in galvanic-coupled IBC on human arm models. The empirical arm model simulation results showed that for current signals, the intensities restrictions of 1--3 mA were accessible with the frequency restrictions higher than 50 kHz. The restrictions range of voltage signals was 1--2 V with the frequency restrictions higher than 100 kHz. Besides, when the SAR was used as criterion, for current signals, less restrictions were required with the intensities of 1--10 mA, while the intensity restrictions range of voltage signals was 1--3 V with the frequency restrictions lower than 400 kHz. Therefore, based on the empirical arm model simulation results, we comprehensively considered the frequency of 100--300 kHz that belong to LF (30--300 kHz) according to the ICNIRP guidelines as the frequency restrictions to avoid harm to the human body, which provided more choices for both intensities of current and voltage signals as well. On the other hand, it also makes great convenience for the design of transceiver hardware and artificial intelligence application. With the frequency restrictions settled, the intensity restrictions that the current signal of 1--10 mA and the voltage signal of 1--2 V were accessible. Particularly, we recommended the current signals in practical application for its broad application. Our simulation study provides an applicability evaluation for IBC technology that can be used to design electronic devices and also promote application of IBC.
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